dures). After the first three steps were completed, a ing sequence. Statistically, Gly, Asn, and Ser have the highest propensities to occur at the N″, NЈ, and N cap database of 1837 different TPR motifs from 107 proteins remained, which were used in our first statistical positions in ␣ helices [18] [19] [20] [21] .
(2) An additional "solvating" helix was added after the analysis.
The statistical analysis allowed the calculation of a final helix of the TPR motif. There were three reasons for including this feature in the design. First, when the global propensity (P g ) [17, 18] Table 1 . The designed consensus sequence was taken as those the last TPR motif is capped with another helix from the protein. residues with the highest global propensity at each position of the TPR motif. The one exception was position As the final step of the design, the consensus TPR sequence was built onto the known crystal structure of 10, where cysteine was replaced by alanine to exclude the possibility of undesirable disulfide bond formation. PP5, with the program SWISS-PDBVIEWER [22] . Analysis of this model showed that the extra solvating helix In this way we designed the basic framework corresponding to the A and B helices of a TPR motif. In had four large hydrophobic residues (one Trp and three Tyr) that were solvent exposed. These were therefore addition to the repeated consensus, two extra features were inserted into the consensus proteins: mutated to hydrophilic polar residues (Lys and Gln). The final CTPR protein sequences are shown in Figure 1B . (1) The sequence Gly-Asn-Ser was added at the N terminus to provide a potential N-capping, helix-stabilizIn this paper, a residue called Trp4(A1) represents a Trp Table 3 . From this it is obvious that our consensus proteins are stacked TPR motifs. They exhibit similar packing angles between A and B helices to the natural proteins, ‫061ف‬Њ, and stack together to produce a right-handed superhelix that possesses only slight, if any, curvature. In fact, the rmsd's of the C ␣ atoms are relatively small when one compares the other three-TPR-containing proteins with CTPR3 (between 1.3 and 1.9 Å ).
It is interesting to note that, to obtain high-quality diffracting crystals, we had to add IPTG to the crystallization solutions. Density corresponding to two IPTG molecules is clearly evident in the electron density maps of both CTPR2 and CTPR3. In both structures the role of IPTG is similar-to specifically interact with two symmetry-related protein molecules to form a dimer. The two IPTG molecules interact across the dimer interface with residues close to and within the turns linking the A and B helices of the last two TPR motifs. This can be seen for CTPR3 in Figure 3D .
Discussion
In this paper we have exploited a sequence-diverse database of natural TPR motifs to design three novel TPRcontaining proteins. It is important to emphasize four points that highlight the success of this strategy: (1) all the CTPR proteins produced are stable, monomeric, and well folded, and they undergo cooperative thermal denaturation transitions, (2) the resultant structures 5A and 5C ). They show that identical interhelical conseen to be virtually identical (Figures 3B-3D) . The all- leads to a network of packing interactions (Table 4) with It is interesting to note that, when one compares conresidues in the helices "above" and "below" that produce the hydrophobic core. tact maps of other repeat proteins, for example, HEAT 
Gly8, Ala20, and Ala27-Steric Considerations.
A and B in TPR2. They only interact with residues within the same TPR motif (Table 4 ). Only such small residues Gly8(A2), Ala20(B2), and Ala27(B2) are some of the most highly conserved residues in the TPR fold and are locan be accommodated between the closely packed bulky hydrophobic side chains that surround their positions. cated at positions of closest contact between helices 
Comparison with Known Structures
surface of this binding pocket is smooth, rather than rough and rutted ( Figures 6D-6E) . The concave binding As intended by the design, the CTPR motifs are structurally very similar to those of natural TPR proteins. Howsurface of CTPR3 thus presents a tabla rasa onto which specific binding activity can be incorporated in future ever, within individual TPR proteins, the small differences observed between the stacking of individual designs. repeats results in some divergence of the tertiary fold. This is shown in Figure 6C , in which CTPR3 is compared Biological Implications with three natural three-TPR domains, using only the first TPR motif for alignment. It can also be observed in Although there are examples of successful consensus sequence-based design [31-34], this study presents one Table 3 when the twist angle and rmsd of A-B-AЈ helix units are compared. When different repeat motifs stack of the few examples of creating an idealized repeat proteins by this strategy. The results we present clearly together, the small differences in each motif's structure and, thus, interrepeat packing, cause a divergence away show that this approach to design can generate highly stable, correctly folded proteins. The ability to engineer from the regularized structure of CTPR3. Exactly how the sequence of an individual TPR can be varied to a range of stable proteins corresponding to 1.5, 2.5, and 3.5 repeats emphasizes the modular nature of the TPR modulate superhelical structure will be the focus of further investigations.
fold. Further, for proteins that contain TPR domains to function as protein-protein interaction motifs, they seem The CTPR proteins were designed to adopt the TPR fold, with no features incorporated to specify a particular to require a minimum of three motifs. Our designs show that this must result from the creation of a peptide bindbinding function. The consequences of this can be seen when one compares the molecular surface of CTPR3 ing site, rather than stability. Moreover, by using a repeated consensus repeat that effectively removes any with those of the natural three-TPR domains of PP5 and Hop. Although CTPR3 exhibits a cradle-like binding residues that could be present for protein interactions, we have been able to create proteins with an identical pocket, similar to that of the wild-type proteins, the to a final concentration of 0.6 mM. Growth was continued at 30ЊC Statistical Analysis for a further 5 hr. Cells were harvested by centrifugation (7 min at Two programs were written in C shell script to calculate the distribu-5000 rpm), and the pellets were resuspended in 50 mM Tris (pH 8), tion of amino acids in each of the 34 positions of the TPR motif and 10% glycerol, and 300 mM NaCl. Twenty milliliter aliquots were flash the distribution of amino acids within the OWL or PFAM database.
frozen and stored at Ϫ80ЊC for later purification. Once these distributions had been determined, a global propensity Protein Purification (P g ) was calculated with Equation 1. The 20 ml frozen aliquots were thawed at 37ЊC and sonicated on ice, and the cell debris was removed by centrifugation (1 hr at 18,000 
